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BEHAVIOUR OF TRIPOD PILE FOUNDATIONS UNDER LATERAL 
LOADING IN SAND FOR OFFSHORE WIND ENERGY CONVERSION 
SUMMARY 
Wind energy conversion projects are being supported by the government and many 
project proposals are being prepared by the energy industry. Wind parks are already 
being built on land, however offshore wind projects are not yet built in Turkey. 
Higher building cost of offshore wind projects to the on-land projects is a very 
important obstacle for offshore wind systems. Cost sharing of these systems points 
that foundation part has a significant portion on the total cost of offshore wind 
projects. In this research, foundation alternatives for offshore wind projects are 
reviewed and tripod pile foundations are investigated in detail. Tripod pile 
foundations are becoming more important for offshore wind energy conversion 
systems, by reason of many advantages offered by tripod than other conventional 
foundation types. In this research, key design features of tripod foundations such as 
pile angles and loading directions were examined by both 2D and 3D computer 
modelling analysis including finite difference and finite element programs. Computer 
modelling analyses were verified by 1/100 scale, cyclic and static laboratory loading 
tests. A comprehensive literature review was studied before analysis, covering many 
technical research papers. In order to develop a better understanding of geotechnical 
behaviour of tripod, firstly, single batter piles of positive and negative angles were 
analysed. Then tripod group piles were analysed by changing loading direction, to 
reveal the group effects in closely placed piles in a group. Also, comparison of static 
and cyclic loading conditions was examined by laboratory test results, covering 
loading cycles of 10000. Numerical analysis and test results were compared and 
mainly a good agreement was observed. Discussions regarding the comparison of 
results and recommendations for future studies are also expressed. 
 
  xi
DENİZDEKİ RÜZGAR ENERJİ SANTRALLARI İÇİN YATAY YÜK ETKİSİ 
ALTINDAKİ TRIPOD KAZIKLI TEMELLERİN KUM İÇİNDEKİ 
DAVRANIŞININ İNCELENMESİ  
ÖZET 
Rüzgar enerjisi çevrim projeleri devlet tarafından desteklenmekte ve bu konuda 
enerji piyasasında da bir çok proje önerisi hazırlanmaktadır. Türkiye’de karada 
kurulmuş rüzgar santralleri bulunmaktadır, ancak henüz denizde yapılmış rüzgar 
santralı bulunmamaktadır. Denizdeki rüzgar santrallerinin inşaat maliyetlerinin 
karadakilere göre daha yüksek olması bu projelerin uygulanmasında önemli bir engel 
teşkil etmektedir. Denizdeki rüzgar enerjisi dönüşüm sistemlerinin maliyet 
analizlerine göre bu yapıların temel kısmı toplam maliyetin önemli bir kısmını 
oluşturmaktadır. Bu araştırmada, söz konusu yapılar için çeşitli temel tasarımı 
alternatifleri gözden geçirilmiş, tripod kazıklı temel tipi detaylı olarak incelenmiştir. 
Diğer klasik temel sistemlerine göre, tripod kazıklı temellerin sağladığı bir çok 
avantaj vardır. Bu yönüyle tripod temeller denizdeki rüzgar enerji sistemleri için 
oldukça önemli bir yere sahiptir. Bu araştırma kapsamında, tripod kazıklı temellerin 
ana tasarım unsurları olan kazık açısı ve yükleme yönü, iki boyutlu ve üç boyutlu 
sonlu elemanlar ve sonlu farklar metotlarıyla bilgisayarda modellenerek 
incelenmiştir. Nümerik modelleme analiz sonuçları, 1/100 ölçekli, statik ve tekrarlı 
yükleme durumlarını içeren laboratuar deneylerinin sonuçları ile birlikte 
değerlendirilmiştir. Analizlerden önce, konu ile ilgili literatür kapsamlı olarak 
incelenmiş, bir çok teknik makale ve araştırma bulguları detaylı olarak 
değerlendirilmiştir. Tripod temelin davranışını daha iyi anlayabilmek için ilk olarak 
tek kazıkların düşey ve düşeye göre artı veya eksi olarak çeşitli açılarda yerleşimi 
incelenmiştir. Daha sonra, kazıklardaki grup etkileşimini ortaya çıkartmak için  
tripod kazık grupları farklı yükleme yönlerinde analizler yapılarak incelenmiştir. 
Statik ve tekrarlı yükleme durumları laboratuarda 10000 tekrarlı yükleme deneyleri 
yapılarak incelenmiş, sonuçlar karşılaştırılmıştır. Nümerik analiz ve deney sonuçları 
değerlendirildiğinde genel olarak birbiriyle uyumlu bir davranışın olduğu 
belirlenmiştir. Sonuçların değerlendirilmesi, karşılaştırması ve gelecekte araştırılması 
gerektiği düşünülen hususlar da ayrıca belirtilmiştir.  
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1.  INTRODUCTION 
Demand of electrical energy is increasing rapidly in all over the world, causing more 
research to be done about electricity production from renewable energy resources. 
Wind energy is one of the most feasible source of renewable energy conversion 
systems. Offshore wind energy conversion systems are becoming a better alternative 
source of electricity production in Turkey and throughout the Europe offered by 
innovated higher capacity turbines installed on higher towers with wider diameters in 
deeper sea waters. Increased capacity of offshore wind turbines leads to higher 
environmental horizontal loading on the structure; as a result foundation cost 
becomes a more important issue in offshore wind energy industry. First offshore 
wind farm project of Turkey is proposed to be built in the Black Sea having 1500 
MW energy capacity by Turkerler Energy Group in 2009. First offshore wind energy 
plant of UK was built in Blyth, which is standing on a monopile foundation. 
Traditional foundation designs such as monopile or gravity types become 
uneconomical as the offshore wind energy plants go deeper and get subjected to 
larger loadings due to wind, waves and current. In some cases, designing a traditional 
foundation is not possible as well. Therefore research is done to find more efficient 
design of foundations for such conditions. Tripod foundations are one of the most 
viable foundation type for offshore wind industry, as they are already used in 
offshore oil platforms. Tripod piles were first used in Blekinge (1990), in Sweden as 
a foundation of an offshore wind energy plant. 
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For water depths more than 20 m, tripod foundations present a more efficient way of 
using available materials. A tripod foundation consists of three piles, usually fixed or 
pinned to a lattice structure or a pile cap, connected to the tower and turbine through 
the space frame structure. In order to achieve a better design of tripods, influence of 
pile angles, likely direction of significant environmental loading and behaviour of 
piles in groups are analysed in this thesis with the help of various computer 
programs. Lateral static and cyclic loading tests both on single and tripod group piles 
were carried out in dry sand in University of Newcastle and they are now compared 
with the findings from the numerical analysis and previous studies found in 
literature. 
Main aim of this research is to understand the behaviour of tripod piles in sand, to 
investigate the influence of loading direction and angle of tripod piles on their 
behaviours. Understanding the group shadowing effects of closely placed piles to 
clarify the key design features of this type of foundation such as tripod angles and 
loading direction is also discussed. Many research papers were scanned through in 
literature review to have a fundamental knowledge of the previous similar studies 
including single and group battered piles under inclined static and cyclic loading in 
sands, clays and layered soils, and testing equipments as well as numerical analysis; 
FDM, FEM. Numerical modelling analysis is carried out and reliability of these 
methods will be assessed for prediction of the lateral stability of the tripods. 
In order to achieve the aims, a comprehensive literature review was done, then FEM 
(Finite Element Method) and FDM (Finite Difference Method) computer modelling 
methods were used for simulation of the geotechnical behaviour of tripods. 
Afterwards, results of the 1/100 scale laboratory tests in sand, with static and 
dynamical lateral loading conditions were considered to investigate the reliability of 
numerical analysis. 
The geotechnical behaviour of vertical and battered single piles and pile groups 
under lateral static and cyclic loadings in sandy soils is investigated. The effect of 
different pile angles and loading directions on the behaviour of piles is also explored. 
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In Chapter 2, literature reviews about aspects of offshore wind energy, possible 
foundation alternatives, components of tripods, fundamental calculation and 
numerical analysis methods were explained in detail. Some of the test results from 
the previous research are also summerised in this section. Chapter 3 presents the 
laboratory tests and numerical modelling results of analysis of lateral loading on 
tripod foundations. Effect of loading direction and diferent batter angles of piles is 
discussed in Chapter 4. Chapter 5 gives the conclusions reached in this thesis.  
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2.  LITERATURE REVIEW 
Offshore wind energy converters are subjected to cyclic and static loads mainly 
applied by wind and water waves. Support structure consisting of tower and 
foundation of an offshore wind mill transfers these horizontal loads from the 
propeller and body to the ground. Foundation of these structures should resist against 
horizontal static and cyclic loading cases and their combinations resulting from water 
and wind. Common foundation types, technical considerations about wind energy, 
numerical modelling, and previous studies on group or batter piles under various 
angles in several soil types are reviewed and summarised in this section. 
2.1 Overview on Offshore Wind Energy 
Electricity is a vital need for humankind and most of it is being produced from non-
renewable energy sources such as natural gas, oil and coal. Oil crisis in the 1970s 
enforced research about renewable energy systems in Europe and other countries 
(Peng, 2003). Apart from their being exhaustible sources, energy produced by these 
sources brings high amount of heat, emissions of greenhouse gases and causes 
environmental pollution. In order to reduce these effects, alternative renewable 
energy sources are being researched and wind energy is one of the most feasible 
sources at present. Although high potential of offshore wind energy resources are 
present in Europe, due to economical, technological and social constraints, this 
potential is not used efficiently. Theoretically total wind energy resource in Europe is 
enough to supply all energy needs in this area, however considering the technical 
constraints, only 20% of the proposed electricity needs can be supplied from wind 
energy in 2020. Especially, improved technology and optimised foundation costs will 
increase this ratio (Uyar, 2000).  
In recent years, developments on more efficient design of offshore wind farms, 
encouraged investors to get involved in commercial wind farm projects in Europe. 
Figure 2.1 shows that, the cost of foundation is approximately 40 % of the total cost 
in recent offshore wind park projects, including the installation phases. 
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Figure 2.1 : Cost sharing of offshore wind park projects  (British Wind Energy 
Association (BWEA), 2008) 
Turkey is surrounded by sea from three sides having a very long coast line about 
more than 8300 kilometres. Offshore wind potential is especially important for 
Turkey for this reason. Example of an offshore wind project located in Denmark is 
shown in Figure 2.2.  
 
 
 
Figure 2.2 : Example of offshore wind project at Horns Rev and Nysted build in 
2002 and 2003, Denmark (Marquenie and Westra, 2006) 
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Foundation design of offshore wind energy plants requires some site-specific data to 
be considered such as geological, geotechnical information, statistical wind, wave 
and tide records.  According to these parameters most suitable location and formation 
of the towers are determined and foundations are designed accordingly. Electricity 
Works Survey Administration (EIEI) and State Meteorological Directorate (DMI) 
prepared a Turkish Wind Energy Atlas named REPA in 2006, showing distribution 
of wind energy potential and many parameters such as wind speed maps at several 
heights, power density maps, and various other information. Parameters such as wind 
speed, water depth, wave impact, current velocity, geotechnical conditions and 
economical considerations will be explained in detail in the following sections.  
2.1.1 Wind speed 
Wind speed has a significant effect on the efficiency of wind energy plants. Power 
potential increases approximately by the cubic exponential of the wind speed value 
(Malkoc, 2008). Power curve at Figure 2.3 shows the general relation between the 
wind speed and power generation of the turbine. Power output of a wind turbine is 
specific to the turbine and the most suitable turbine is chosen according to the mean 
wind speed of the site. In other words each turbine has its own maximum power 
output rate corresponding to a certain amount of wind speed.  
 
Figure 2.3 : General relation between wind speed and power generation of the wind 
turbines (Camp et al. 2003) 
According to the wind speed maps prepared by DMI, maximum wind speeds 
measured at several stations in Turkey can rise up to approximately 49 m/s, as shown 
in Figure 2.4.    
Wind Speed (m/s) 
(Power)
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Figure 2.4 : Long term maximum wind speed map of Turkey (DMI, 2005) 
According to the REPA, wind power density map for 100m height shown in Figure 
2.5, the North-Western regions of Turkey have higher offshore wind energy 
resources than many other regions. Power density increases as a result of continuous 
and relatively higher wind speeds at offshore sites when compared to sites on land. 
 
Figure 2.5 : REPA Wind Power Density Map of Turkey at 100m height (EIEI, 
2006) 
Wind Speed (m/s) 
(Black Sea)
(Mediterranean Sea)
Power 
Density
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2.1.2 Water depth 
Offshore wind farms can be installed in water depths such as 60m according to the 
chosen foundation type. In fact, most of the offshore wind farms in Europe are 
located at relatively shallow water, which means less than 20m, however some sites 
have more than 40m water depth (BGS, 1993). 
Obviously water depth has a strong impact on lateral loading caused by water on 
support structure of the wind energy plant. In addition, some construction and 
maintenance works will be more risky and more costly for higher water depths. 
Water depth and distance from the coastline are generally correlated with each other. 
New projects in Europe show that distance from the coastline will be much further 
such as 10km or more, in order to gain benefits of stable wind resources due to better 
surface smoothness of sea. Also social constraints are lessened as the wind energy 
plants can not be seen or heard by people when that far from the coast. 
2.1.3 Wave impact 
Water waves from the sea; apply lateral cyclic loads to the support structure and in 
some cases cause fatigue. Cyclic loading is modelled in this study to understand 
likely behaviour of piles in sand. Also vibration is generated through the structure 
and transferred into the ground through the foundation.  
Stormy conditions will cause strong wind and higher wave heights. Especially if high 
wave heights are present in shallow water, hydraulic loading will have a significant 
effect on foundation. This is one of the reasons why tripod foundations are not 
advised in shallow water at depths lower than 10m. Also wave loads causes bending 
moment at the bottom part of the support structure and foundation. Scour protection 
may be necessary to prevent scour around piles due to water flow caused by waves. 
2.1.4 Current velocity 
Tidal effects, barometrical changes and wind surface shear forces cause current in 
water. Currents cause additional loading and increase the risk of scour at foundation 
of the structure. Relatively higher velocity currents are present around Çanakkale, 
which is one of the most suitable area for an offshore wind farm in Turkey. Current 
velocity in this area can rise up to 15 m/s, depending on the shape of the seabed 
(Wharton, 1899) 
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Lower current velocity should be preferred when choosing a site for offshore wind 
farms. If wind turbines are sited within a wave breaking zone on a coast, 
consideration shall also be given to the longshore current generated by the shear 
force of the breaking waves along the coast (The Danish Energy Agency, 2001). 
2.1.5 Geological and geotechnical conditions 
Potential offshore wind energy sites such as North-West regions of Turkey mainly 
consists of sand and muddy sand stratums (Eryılmaz, 2002). In other words, many 
sites will consist of granular seabed sediments. Geological and geotechnical 
conditions are site specific and detailed investigations are generally necessary, but 
some design recommendations and characteristic values are provided by American 
Petroleum Institute (API) in 1993. According to this document, point bearing 
capacity and friction angle values varies between 2MPa (φ=15°) to 12MPa (φ=35°) 
for very loose or muddy sands to very dense sands. 
In this type of soils, risk of liquefaction rises because installation processes may lead 
to high pore water pressure in a very short time which causes loss of effective stress 
underneath. Sandwaves may also affect the durability of some parts of the 
foundation, especially if high velocity current is present close to the foundation. 
Consolidation should also be considered where the clayey layers are present under 
the foundations. 
2.1.6 Economical considerations 
When cost distributions of offshore and onshore wind farms are compared, cost of 
foundation for an offshore wind farm is almost three times the cost onshore. 
Hydraulic loading and additional tower length due to water depth is the main reason 
for this situation. As seen in Figure 2.6, installation costs of foundations are higher 
for offshore. 
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Figure 2.6 : Example of different component contributions to cost for onshore and 
offshore wind parks (EWEA, 2008)  
Tripod foundation is usually thought to have higher installation costs than other 
traditional types which is usually true. On the other hand, manufacture of tripod 
foundations is more economical than monopiles because they offer a more efficient 
usage of building materials. In addition tripods are lighter in weight and they require 
less embedment depth when compared to a monopile. Also, tripod pile diameters are 
usually smaller than monopiles.  
As a result, total average cost of tripod foundation is estimated to be less than a 
monopile foundation. According to research, comparison of costs between a tripod 
and a monopile foundation for a 2.5 MW turbine in 20m or higher water depth, 
exposed to a 50 year significant wave height of 12m, reveals that tripods are more 
economical than monopile foundations can be seen in Figure 2.7. 
 
Figure 2.7 : Trade-off between a tripod and a monopile foundation for a 2.5 MW 
turbine for a 50 year significant wave height of 12 m (Kooijman, 2004) 
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2.2 Foundation Types for Offshore Wind Energy Converters  
Five main foundation types for offshore wind energy converters are considered; 
gravity, monopile, tripod, suction bucket and floating foundations. Gravity and 
monopile type foundations are widely used, however other foundation types are 
being developed and become strong alternatives as a more efficient usage of building 
materials (Zaaijer, 2003). Brief definitions of these common foundation types are 
shown in Figure 2.8. 
 
Figure 2.8 : Definitions of the support structure (Zaaijer, 2003)  
Higher water depths and longer towers with higher radius turbines will be needed in 
future for offshore wind energy which requires stronger foundations with lower 
costs. Research on tripod and floating foundations are also good example of this 
trend in offshore wind energy industry. Illustrations of monopile, gravity base and 
tripod foundations  are shown in Figure 2.9. 
 
Figure 2.9 : Common foundation types for offshore structures (EWEA, 2003) 
         Monopile                  Gravity Base          Tripod 
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2.2.1 Gravity base foundation  
Gravity base type foundation basically consists of an extremely heavy base, placed 
on a shingle over the seabed as seen in Figure 2.10. It is accepted as a traditional type 
of foundation for offshore structures. Gravity base foundation is mostly used for 
medium depth water such as 10m. It is commonly used in Norwegian coasts and in 
North Sea in UK for medium depth offshore structures (Peng, 2003). 
 
 
Figure 2.10 : The actual design of the concrete gravity base foundation (Volund, 
2000) 
Gravity base foundation is designed against the failure modes of sliding, tilting, 
lifting and bearing capacity. In this type of foundation, bearing capacity of the seabed 
and consolidation settlements should be considered. Wave forces and current in the 
water with high wind loading may lead to tilting or sliding of the foundation.  
Bearing capacity limitation of the seabed brings technical limitations to the 
maximum performance expected from the structure for lateral loading to satisfy the 
tilting stability. Gravity base foundations often have a large volume, resulting in 
increase of hydraulic forces due to wave and current in the water. Gravity base 
foundation is not commercially preferred due to these physical limitations (Soker et 
al. 2000).  Also increase in diameter of the structures results in increase of weight.  
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Calculations for the bearing capacity analysis of these structures are similar to the 
shallow foundation capacity calculations. Bearing capacity equations by Meyerhof et 
al. (1978) are used. Site specific ground investigations such as SPT or CPT provide 
important information for design calculations (Peng, 2004). 
Sites where soft rock such as chalk is present are generally suitable for the bearing 
capacity requirements for gravity base foundations, but site investigations should be 
done thoroughly (Zaaijer, 2001). In the area where high liquefaction risk is present 
with sandwaves, gravity base can not to be the preferred foundation type. 
2.2.2 Pile foundations  
Pile foundations are widely used in offshore structures. Most of the technical 
experience in industry is gathered from the design, construction and maintenance of 
pile foundations for fixed offshore oil-gas platforms. Oil and gas platforms are 
usually fixed to seabed by three or four legs or piles (or group of piles) sometimes 
with several anchors (Peng, 2003). American Petroleum Institute’s (API) 
publications of planning, design recommendations for offshore structures provide 
basis of codes for offshore wind energy structures. 
Pile foundations for offshore wind energy converters can be monopile or multi-piles 
such as tripod. Steel tubular tower and piles are used often in practice where a lattice 
tower needs to be fixed to seabed by piles (Camp, et al. 2003). Monopile and tripod 
foundations can not be thought separately from each other, because tripod foundation 
consists of three smaller diameter piles, connected to each other and to the tower by a 
pile cap usually of a steel lattice structure which can be seen in Figure 2.11. 
 
Figure 2.11 : Tripod support structure for offshore wind turbine 
(http://www.multibrid.com) 
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2.2.3 Suction bucket foundations  
Suction buckets are tubular steel foundations that are installed by sealing the top and 
applying suction inside the bucket (Zaaijer et al. 2001). Water is evacuated from 
sealed bucket by a pump from the internal cavity and a net downward pressure is 
applied to the foundation forcing it to penetrate into the seabed (OMAE, 2002).  This 
hydrostatic pressure difference between inside and outside of the bucket, and the 
deadweight of the structure cause the bucket to be filled with the seabed material 
when penetrating into the ground and fixing it to the seabed slowly. The system has 
been tried in practice in the Norwegian oil and gas fields in the North Sea, and in 
Angola (Birck et al. 1999). Figure 2.12 shows the illustration of suction bucket 
foundations. 
 
Figure 2.12 : Schematic view of Suction Bucket Foundation for Offshore Wind 
Turbines (http://www.offshore-wind.de)   
This foundation type is especially suitable when seabed material is mainly consists of 
sands or soft clays. In oil and gas applications, two recent structures, the Sleipner T 
and Draupner E steel jackets in the North Sea used suction caissons rather than 
conventional piled solutions for 12m and 15m water depths respectively (Bye and 
Tjelta, 1995).  
Suction bucket is not a favourable foundation type for water depths more than 15m. 
For this type of foundation, a diameter to length ratio of 10 is a practical maximum, 
which depends on water depth and soil properties (Birck et al. 1999), but tripod 
support structures for offshore wind energy converters usually have a much lower 
diameter to length ratio so, it may be more appropriate to use tripod foundations as 
suggested by the studies of Rambøll (Rasmussen, 2000 and Feld, 2001). 
 15
In the long term after construction, ground inside the bucket will be under drained 
conditions and suction force will reduce. Also, lack of practical experience and 
unsuitability of suction bucket foundations for higher water depths makes other 
foundation choices more favourable. 
2.2.4 Floating foundations  
Floating type foundations for offshore wind energy converters have developed since 
1990s (Peng, 2003) and they have the potential to provide usage of enormous sea 
surface area for wind turbines to be located. Floating foundations are suitable for 
steeper seabed conditions and very high water depths up to 500m (Tong, 1998). This 
type of wind farms are not yet used in practice, but they can be used in the northern 
parts of the North Sea, the Irish Sea, the Baltic Sea, and also in Mediterranean and 
Black Seas, as they usually have steeper sloped seabed (UCL, 2001). Figure 2.13 
shows various types of floating foundations. 
 
Figure 2.13 : New generation floating type foundation designs (Left to right: 
Quadruple floater, Pill box floater, Tripod floater (Novem, 2002))   
Floating wind power plants have different types of support structures. Some of them 
are anchored to seabed by one or several tension piles. The anchorage cables can be 
fixed to a tripod structure which holds turbine and tower (Novem, 2002). Grouting 
can be required for these piles to lower scour sensitivity. Design of these tension 
piles use the same principles as in the calculation of the pull out resistance of piles 
explained by Das (1995).  
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2.3 Pile Foundations for Offshore Structures 
Offshore wind energy converters are subject to high horizontal forces and pile 
foundations for these structures are developed to increase lateral resistance instead of 
axial resistance. Tower heights increase to handle more energy which causes higher 
bending moments and shear forces to be resisted by pile foundations as seen in 
Figure 2.14. 
 
Figure 2.14 : Growth in size of commercial wind turbine designs (BWEA, 2005)   
Studies on improvement of pile foundations used fins, taper piles and group piles 
including tripods. In fact, a tripod foundation is a group of three battered monopiles 
usually of a smaller pile diameter. Improvement of tripod foundations requires 
optimisation of batter angles of each pile and direction of foundation according to 
loading directions. Also group effects are important in tripod pile foundations. 
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Pile foundations resist loads coming through the structure by skin friction and tip 
resistance. Tip resistance of piles depends on the area of pile tip and bearing capacity 
of the ground at the bottom. Tubular steel piles are commonly used in offshore 
structures and can be open ended, so that the tip resistance is not very significant 
whereas skin friction carries most of the load. If piles are socketed to a strong 
stratum such as rocks, tip resistance may be stronger. Also skin friction can be 
negative in some parts of the pile if a compressible stratum such as soft clay is lying 
over a granular soil layer in the long term. Consolidation of the clayey layer causes 
drag down force on the pile. Another reason for negative skin friction to occur is 
presence of granular soil fill over a layer of soft clay (Das, 1999). Negative skin 
friction is not likely to occur in offshore piles because groundwater lowering or earth 
filling operations are not usually needed in seabed. 
Pile foundations for offshore wind energy converters can be either driven or drilled, 
and grouted into the bearing strata. Depending on the ground conditions, both types 
have advantages and disadvantages. If hard ground such as rock is present and if it is 
likely to cause damage on pile due to higher driving forces, drilling and grouting 
method can be preferred instead. On the other hand, if drilling method is used in soft 
rocks, reduction of strength is likely to occur and grouting becomes necessary which 
increases the overall cost of foundation. Under the same geotechnical conditions, 
penetration depth and diameter, driven piles provide better resistance than drilled and 
grouted piles under extreme environmental loads such as in a storm. In fact, drilled 
and grouted piles usually have larger diameter than driven piles, therefore they have 
more skin friction which increases the bearing capacity (Peng, 2004).  
In the following sections, different forms of pile foundations for offshore wind farms 
are explained in detail.  
2.3.1 Monopile  
Monopile foundations are commonly used in offshore wind farms as they have more 
advantages in many ways than most other foundation types. Monopiles as seen in 
Figure 2.15 are easy to manufacture and can be easily installed to the seabed. 
Practical experience and machinery is available in the industry therefore costs are 
relatively lower which is one of the biggest obstacles in offshore wind industry. 
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Figure 2.15 : Schematic view of monopile foundation for an offshore wind turbine 
(http://www.offshore-wind.de)   
Design considerations for piles for offshore and on-land wind farms differ because of 
the different loading conditions. In offshore piles, additional hydraulic forces from 
waves and buoyant forces due to currents in the sea are applied to the foundation. 
Therefore axial loads are less effective than lateral loads in offshore structures 
whereas onshore piles aim to transfer large axial loads from superstructure to the 
bearing stratum underneath the weak upper soil. Horizontal forces for onshore piles 
are often ignored because they are very small when compared to vertical loads (Peng, 
2003). In offshore piled structures, horizontal hydraulic and wind loadings can be up 
to one third of the vertical loads (Soker et al., 2000). 
Monopile foundations are suitable to be used in high water depths up to 50m. For 
higher water depths, monopile foundations become economically less favourable. 
Close alternative to monopile is the tripod foundation. Especially for depths higher 
than 20m, monopiles become disadvantageous due to increased building material 
need and higher installation costs. In order to make more economical design of 
monopiles, pile diameter and penetration depth should be reduced by a more efficient 
usage of materials and easier installation phases. Taper piles and finned piles are 
researched on to provide more efficient pile foundation solutions to the offshore 
wind energy market. Basically a finned pile is a monopile with several plates 
attached to the body of the pile as seen in Figure 2.16. 
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Figure 2.16 : Schematic view of a finned monopile (Peng et al., 2003)    
 Lee and Gilbert (1980) and Irvine et al. (2003) described a finned pile as a pile 
which has four plates welded to the top of a traditional monopile at 90° to each other. 
Fins are effective solutions when increasing lateral resistance of monopiles. A 
tapered pile is a conical monopile, which has a reduced diameter at the tip of the pile 
because of decreasing bending moments and shear forces in this part of the pile. Also 
large diameter at the top of the pile provides a better resistance to lateral loads, which 
can make a tapered pile 75% more efficient than a plain monopile (Peng, 2003).   
Another design criteria for pile foundations is the natural frequency of structure and 
the foundation. Environmental loads for offshore wind energy plants have around 0.1 
Hz cyclic component (Peng, J.R., 2003). Cyclic horizontal loads can cause reduction 
in lateral resistance due to natural frequencies of live loads and foundation 
(Ramakrishna and Rao, 1999). Furthermore, live loads may cause vibration and 
scouring around the piles. 
2.3.2 Batter pile  
Batter (raking) piles are usually used in a group with vertical piles to increase lateral 
load bearing capacity of the foundation. Foundation piles are frequently required to 
carry inclined loads which are the resultant of the dead load of the structure and 
horizontal loads from wind, water or earth pressure on the structure (Tomlinson, 
2001). 
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Offshore wind power plant foundations resist relatively high horizontal loads and 
using batter piles have the potential of increasing the efficiency of the foundation. 
Use of batter piles along with vertical piles in pile-soil system increases overall 
efficiency (Rajashree and Sitharam, 2001). Behaviour of a single pile with several 
batter angles under horizontal loading was first examined by Tschebotarioff (1953) 
and Murthy (1964). Meyerhof and Ranjan (1972) carried out studies to understand 
the group behaviour of batter piles in sand under inclined loads. Sides of the batter 
angle and horizontal load are very important because behaviour of the pile with 
positive and negative values of the same angle is different (Meyerhof and Ranjan, 
1972). According to the studies, a negative batter pile is more resistant to lateral load 
than a vertical or positive batter pile, as would be expected theoretically (Meyerhof 
and Ranjan, 1972). Their study on pile bents as seen in Figure 2.17 proposed that 
negative batter pile groups have higher ultimate lateral capacity. Group efficiencies 
of lateral load capacity are provided in Figure 2.18 (Meyerhof and Ranjan, 1972). 
 
Figure 2.17 : Typical two piled bents tested (Meyerhof and Ranjan, 1972) 
 
 
Figure 2.18 : Efficiency of pile bents under horizontal loads (Meyerhof and Ranjan, 
1972) 
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Although there are two types of batter piles, negative batter piles in offshore 
structures are used widely as they offer high resistance to static and cyclic lateral 
loads (Rajashree and Sitharam, 2001). Hence, loading directions and combinations of 
the environmental forces should be considered in design of tripod pile foundations 
with raking piles. Results of tests carried out by Meyerhof and Ranjan (1970) also 
show that increase of negative batter angle from 0° to 30° increases the lateral 
resistance of pile almost linearly. In addition, some test results show that a batter pile 
with a negative angle of 30° degrees has a failure load which is 75% more than the 
resultant failure load of a vertical pile in dense sand as seen in Figure 2.19. 
 
Figure 2.19 : Pile batter angle against resultant failure load for free standing piles in 
compact sand  (Meyerhof and Ranjan, 1972) 
Figure 2.20 shows the side and direction of assumed batter angle in the research done 
by Meyerhof and Ranjan (1972). 
 
Figure 2.20 : Assumption of batter angle side (Meyerhof and Ranjan, 1972) 
 
α=90
-β=Batter angle 
(Negative batter) 
Horizontal Load
Vertical Axis Pile Axis 
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Meyerhof and Ranjan (1972) used simplified earth wedges when working out the soil 
reaction for negative and positive batter single piles. According to Figures 2.21 and 
2.22, the amount of earth wedge reacting in negative batter is less than in positive 
batter.  
 
Figure 2.21 : Earth wedge in negative batter pile analysis (Meyerhof and Ranjan, 
1972) 
 
Figure 2.22 : Earth wedge in positive batter pile analysis (Meyerhof and Ranjan, 
1972) 
Also, strain wedge model analyses the response of laterally loaded piles based on a 
representative soil-pile interaction which incorporates pile and soil properties 
(Ashour et al., 1998). Figure 2.23 shows the basic strain wedge model.  
 
Figure 2.23 : Basic strain wedge model in uniform soil (Ashour et al., 1998) 
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Influence of eccentric and inclined loads on flexible single batter piles in layered 
soils of clay and sand were observed by Meyerhof and Ranjan (1972) and Yalcin 
(1991). According to their results, ultimate loads of vertical and batter piles decrease 
rapidly with increasing angle of inclination and load eccentricity. In fact, resultant of 
dead and live loads in an offshore wind energy plant is mostly inclined and design 
loading in piles can not be only horizontal or only vertical. 
2.3.3 Group piles 
Bridge piers and near-shore structure foundations usually require vertical and raked 
group of piles to increase lateral resistance. Tripod pile foundations for offshore wind 
energy plants can also be classified as group piles. A pile group under lateral load 
develops resistance to deflections as a nonlinear function of the relative displacement 
between the pile and the soil (Matlock, 1970). The increase in lateral pressure created 
by the pile must be absorbed by the surrounding soil, creating zones of increased 
shear and normal stress near the pile which decay rapidly in magnitude with radial 
distance. For piles within groups, the zones of stress overlap, forming larger zones of 
stress in the soil surrounding the pile group. Integrating the lateral strains which arise 
from the superposition of the individual-pile stress zones will yield an increase in 
pile group deflection required to develop an equivalent level of lateral resistance 
against the individual piles, as compared to isolated piles (Matlock, 1970). This 
overlapping of stress zones is sometimes called “shadowing” by researchers. 
In order to analyse the group behaviour, it is required to obtain reasonable estimates 
of the increases in pile deflection which result from the overlapping of the stresses in 
the soil around the group. These additional deflections can be combined with the 
results of conventional methods of analysis developed for single piles. Rigid pile 
head provides equally distributed deflections for each pile in group. 
When spacing between piles is relatively wide, the development of zones of plastic 
flow close to the individual piles limits the degree of overlapping of stress and 
deformation, resulting in only minor increases in lateral deflection (Matlock, 1970). 
For pile groups with close spacing, the zones of plastic flow begin to overlap and 
develop around the pile group as a whole, significantly increasing the deflections of 
the pile group. 
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Ideally, spacing between piles in pile groups are tried to be designed large enough to 
minimise efficiency losses due to this overlapping (Das, 1995). Deflections and 
bending moments of piles in closely spaced groups are greater than deflections and 
bending moments of single piles at the same load per pile because of these 
interaction effects. According to many previous studies, ultimate lateral resistance of 
pile groups are researched by considering the length to diameter ratio, 
configuration/geometry of the group of piles, number of pi1es, spacing and pile 
friction angle (Patra and Pise, 2001). Measurements of pile displacements and 
stresses of previous studies including full-scale and model tests indicate that piles in 
a group carry unequal lateral loads, depending on their location within the group in 
addition to the spacing between piles.  
Shadowing is required to be considered for p-y method of analysis using p-
multipliers which are empirical reduction factors that are experimentally derived 
from load tests on pile groups (Mokwa, 1999). The p-multiplier (fm) values depend 
on pile position within the group and pile spacing. The procedure follows the same 
approach used in the p-y method of analysis for single piles except a multiplier with 
a value less than one is applied to the p-values of the single pile p-y curve 
(Mokwa,1999). The multiplication results in reduced ultimate lateral load and a 
softer shape of the p-y curve. These multipliers include both shadowing and elasticity 
effects because they are actually obtained from full scale experimental studies which 
are few (Brown et al. 1988). Figure 2.24 shows typical p-y curves of a single pile and 
a pile in a group which have reduced bearing capacity due to group effects.  
 
Figure 2.24 : Group reduction factor  
Power Density 
P 
y 
Psingle pile 
Ppile in a group 
Pgroup = fm . Psingle  
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Spacing between piles strongly influences the group efficiency. According to 
centrifuge tests carried out on 3x3 free headed pile groups in loose to dense sands, 
group efficiency for lateral loads were found independent from soil density, but 
closely related to spacing between piles in the group (McVay et al., 1995). The group 
efficiency at 3D (D=diameter of pile) spacing was 0.74, whereas when the spacing 
was 5D, the group efficiency increased to 0.94 (McVay et al., 1995). Furthermore, 
load distributions between rows in a group of piles with 3D spacing were not usually 
found to be equally shared when compared to group piles with 5D spacing. Holloway 
et al. (1981) and Brown et al. (1988) reported that piles in back rows of pile groups 
have significantly less lateral soil resistance than piles in the front row. This is due to 
the pile-soil-pile interaction which takes place in a pile group. In addition, at smaller 
spacings, the group failure usually takes place as a pier failure whereas at larger 
spacings it is individual pile failure (Kishida and Meyerhof, 1965). 
Simplified approach for pile groups proposes that behaviour of pile group may be 
either in block behaviour or as in an individual pile. In fact, determining the load 
bearing capacity of group piles is extremely complicated and has not yet been fully 
resolved (Das, 1999). 
The British Standard on Foundations requires a minimum spacing between the 
centres of friction piles not less than the perimeter of the pile or for circular piles, 
three times their parameter (BS 8004, 1986). In order to achieve higher group 
efficiency in tripod pile foundations, tripod radius which virtually crosses through 
the centre of each pile head should be increased. Increase of batter angles result in 
higher group efficiency due to linear increase of distance between two piles with pile 
length towards the bottom. However in strain wedge analysis of pile groups as seen 
in Figure 2.25, the interface among the piles in a group decreases with depth thus 
generating lower values of fm near the ground surface (or pile head) and greater ones 
at deeper points (Ashour et al., 2002). 
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Figure 2.25 : Strain wedge analysis (ALP, 2001) 
Another study was carried out by Franke (1989) on 1g model tests of laterally loaded 
pile groups. So analysis resulted in an approximation of the load displacement 
behaviour as follows in Equation 2.1 (Shailesh et al. 1997); 
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Where;  
  d : Pile diameter 
  Ho : Applied load on the single pile 
   uo : Displacement corresponding to load Ho 
  Href : Reference load 
  A : Constant for scale effect, soil and geometrical conditions 
m : Constant for the relation between load and displacement  
2.3.4 Tripod foundations  
Tripod foundations are a group of three piles with various angles connected to each 
other and to the tower by a lattice structure or by a pile cap as seen in Figure 2.26. 
Tripod foundations are very popular in offshore structures due to many technical 
advantages and they are suitable for high water depths as they usually do not require 
seabed preparation before the construction. They are lighter than other foundations 
and they offer more efficient usage of materials so they cost less. Experience and 
installation equipments are present in the industry which allows reliable and 
economical construction of the design. 
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Figure 2.26 : Tripod foundation for offshore wind projects (Feld, 2005) 
Design of tripod foundations should cover both ultimate limit state (ULS) and 
serviceability limit state (SLS). For ULS design, characteristic values of soil strength 
should be divided by a material factor and design loads which represent the extreme 
conditions should be multiplied by relevant load factors. According to DNV code 
(2004) design loads should be considered in two cases; axial loading and combined 
lateral loading with moment loading. For design in the SLS, characteristic soil 
strength values and characteristic loads are to be used where loading is representative 
of loads that will cause permanent deformations of the soil in the long term, and 
which in turn will lead to permanent deformations of the pile foundation such as a 
permanent accumulated tilt of the support structure. Especially for SLS design, 
behaviour of the soil under cyclic loading needs to be represented in such a manner 
that the permanent cumulative deformations in the soil are appropriately calculated 
as a function of the number of cycles at each load amplitude in the applied history of 
SLS loads (DNV, 2004). Scour effects and pile group effects should also be 
considered when designing the tripod pile foundations.  
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According to DNV, fatigue limit state (FLS) should also be considered in addition to 
SLS and ULS when designing the offshore tripod foundations. Cyclic loading and 
extreme environmental loading conditions may cause fatigue failure. For tripod 
structures, ice loading may also occur especially around lattice structure, causing 
additional lateral and horizontal loads. Furthermore, in order to minimise the damage 
in case a vessel hits the offshore wind energy plant, these should also be considered 
in design phases. 
2.4 Fundamental Calculation Methods for Lateral Load Bearing Capacity of 
Piles  
Fundamental calculation methods of the lateral load bearing capacity of piles are 
explained in detail in the following sections.  
2.4.1 Brinch Hansen method 
Brinch Hansen (1961) recommends a method for the calculation of the ultimate 
lateral resistance of free-head rigid piles in single or layered soils.  The ultimate 
lateral load acting on the pile can be calculated using Equation 2.2.  The earth 
pressure coefficient Kq is based on earth pressure theory. The trial and error 
procedure is used to find the rotation point regarding the lateral force equilibrium. 
 
pu = Kqγ´z                                                                                 (2.2) 
where 
           pu : Ultimate lateral resistance of the soil per unit pile length 
 Kq : Hansen earth pressure coefficient which is a function of φ  and d
z , values 
of Kq can be found in Figure 2.27. 
  d : width or diameter of pile (m) 
 γ´ : effective unit weight of soil (kN/m3) 
  z : embedded length of pile (m) 
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Figure 2.27 : Lateral Resistance factors, Kq (Brinch Hansen, 1961) 
2.4.2 Broms’ method  
Broms (1964 a and b) developed an empirical solution for predicting the behaviour 
of laterally loaded piles based on the piles being short and rigid or long and flexible. 
For short piles failure occurs due to shear failure in soil whereas in long and flexible 
piles, ultimate failure load relates to the section properties of the pile (Das, 1999). 
Broms method assumes that when displacement takes place due to lateral load, soil 
in front of the pile moves upwards and soil at the back of the pile moves downwards 
to the space generated by movement of the pile. Based on this assumption, Broms 
method ignores the effect of pile rotation (Peng, 2004) furthermore; active soil 
pressure at the back of the pile is also ignored. On the other hand, soil pressure is 
multiplied by 3 which is relatively conservative according to the field test results 
(Poulos and Davis, 1980). Broms’ method is also capable of predicting the lateral 
resistance of piles by considering the pile head condition; free-headed or restrained. 
Equation presented by Broms for the ultimate resistance of the soil is; 
  qu = 3 σv’  Kp                                                               (2.3) 
where   
   
)sin1(
)sin1(
φ
φ
−
+=pK  
qu : ultimate resistance of the soil per pile length 
 σv : vertical overburden pressure 
 Kp : Rankine’s passive earth pressure coefficient 
  φ : internal friction angle of the soil 
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2.4.3 Meyerhof’s method  
Meyerhof et al. (1981) provided a solution for the analysis of laterally loaded rigid 
and flexible piles. According to this method, a flexible pile is defined as follows 
(Das, 1999); 
Relative stiffness of pile = Krs = 01.04 <LE
IE
s
p      (2.4) 
where 
Es:  Horizontal soil modulus at pile tip 
Ep: Elasticity modulus of pile 
L :  Embedded length of the pile 
I :   Moment of inertia of the pile 
 
Meyerhof et al. (1981) proposed that ultimate lateral load, Qu, can be expressed by 
net earth pressure and a coefficient Kbr, related with the shape and internal friction 
angle of soil as seen in Equation 2.5. Shape of the pile is considered by the ratio of B 
to L in the coefficient. 
For rigid piles in sand; 
Qu = 0.12γBL2 Kbr                                                                   (2.5) 
where   
B : pile diameter (m) 
 γ : average unit weight of sand (kN/m3) 
 L : Embedded length of the pile (m) 
 Kbr : Coefficient of net passive earth pressure as seen in Figure 2.28 
 
For flexible piles, effective length is calculated as; 
 
  Le = 1.65 Kr0.2 ≤ 1      (2.6) 
 
For flexible piles, Le is used instead of L in equation (2.5.) (Das, 1999) 
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In Meyerhof’s method, rotation point of pile is assumed as the tip of the pile and the 
soil reaction is assumed as linear. Influence of these assumptions on ultimate lateral 
resistance can be improved by using 3 for the shape factor according to Patra and 
Pise (2001). Coefficient of net passive earth pressure Kbr is obtained from the Figure 
2.28. 
 
Figure 2.28 : (Kbr) Coefficient of net passive earth pressure chart (Das, 1999) 
2.4.4 Petrasovits and Award  
Petrasovits and Award (1972) recommend that the ultimate lateral resistance be 
calculated by Equation 2.7.  Reactions of both passive and active pressures are 
considered in the equation and a shape factor of 3.7 is chosen for the first part of the 
equation.   
pu = (3.7Kp – Ka) γ L                                                                 (2.7) 
where  
 pu : Ultimate resistance of the soil per unit pile length 
Kp : Rankine’s passive pressure coefficient 
Ka : Rankine’s active pressure coefficient 
  γ : Unit weight of soil (kN/m3) 
  L : Embedded length of the pile 
2.4.5 Prasad and Chari  
Prasad and Chari (1999) proposed an empirical method to predict the lateral 
resistance.  The lateral load is presented as a function of a rotation point shown in 
Equation 2.8.  
Pu : 0.24 10(1.3tanϕ+0.3) γ a b (2.7a-1.7L)                                     (2.8) 
a : ( )
1996.2
))541.1029.7307.5(7.2567.0( 5.022 eLeLeL ++++−      (2.9) 
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where   
a : Rotation point (from ground level)  
e : Eccentricity of Horizontal Loading 
 γ : Unit weight of soil (kN/m3) 
L : Embedded length of the pile 
b : Diameter of pile 
φ : Angle of internal friction 
This equation includes the side shear and front earth pressure around pile subjected 
to a lateral load as shown in Figure 2.29. 
 
Figure 2.29 : Distribution of front earth pressure and side shear stress around a 
laterally loaded pile.  (Smith, 1987) 
 
The rotation point can be determined by embedded pile length and load position from 
Equation 2.9. Although Prasad and Chari’s method has included the effect of 
rotation, the determination of the rotation point should include additional factors like 
pile-soil stiffness and shape factor. A comparison of soil pressure distribution by 
different approaches is given in Fig.2.30. Zhang et al. (2005) have done a 
comparison between prediction methods and measured results and they have found 
that the error between measured and predicted values varied from – 30% to 50%, and 
that Prasad and Chari’s method showed good performance in fitting the measured 
results. 
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Figure 2.30 : Schematic distribution of soil pressure for a free-head rigid pile under 
lateral loading proposed by different researchers. (Prasad and Chari, 1999) 
 
2.4.6 American Petroleum Institute (API, 1993) and Det Norske Veritas (DNV, 
2004) method  
API (1993) and DNV (2004) use a practical method provided by Murchison and 
O’Neill (1984) to determine the ultimate lateral resistance in sand which is given by 
Equation 2.10 and Equation 2.11.  At transition depth, zr can be obtained from lateral 
force equilibrium. Reduction of soil stiffness below the transition point is considered 
in this method and it should be pointed out that both shear resistance and passive 
pressure are considered or given in this equation. 
pu = (C1 z + C2  d) γ´ z     for 0 < z ≦ zr                (2.10) 
    = C3 d γ´z          for z  > zr                                         (2.11) 
where  pu  : ultimate resistance per unit pile length 
 z   : depth of soil below soil surface along pile 
 zr  : transition depth of the change of soil reaction direction 
 γ ´: effective unit weight of soil (kN/m3) 
 d  : pile diameter 
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 C1, C2 and C3 = coefficients determined from Fig. 2.31 as functions of 'φ . 
 
Figure 2.31 : Coefficients as functions of friction angle (DNV, 2004) 
2.5 Laboratory Test Results  
There are several laboratory test results available in literature published by many 
researchers. Common testing methods can be stated as 1g loading tests and 
centrifuge modelling tests. In the following sections, results from the previous 
research on laterally loaded piles in sand, including load-displacement, depth-
displacement curves are presented and briefly explained. 
2.5.1  1g model loading test results  
In 1g loading tests, model piles are loaded in atmospheric conditions where the 
gravitational acceleration is equal to 9.81m/s2. One of the tests reviewed here is 
carried out by Parry and Saglamer in 1977. In these tests, single vertical model tube 
pile 330 mm in length is loaded both under static and cyclic loading conditions 
embedded 230mm in medium dense and dense sand stratum. Pile deflections and soil 
deformations were observed by using radiographic techniques. According to these 
tests, depth-displacement curves for static loading of 17.76 N and 35.52 N are shown 
respectively in Figure 2.32. Maximum displacements measured in these tests are 
3.6mm and 8.9mm respectively.   
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Figure 2.32 : Depth-displacement curves for static loading of 17.76 N and 35.52 N 
(Saglamer and Parry, 1977) 
Observed soil displacement vectors for static load test under 17.76 N are shown in 
Figure 2.33. Vector points in Figure 2.33 are located on a grid spacing of 1mm. Soil 
deformations occurred predominantly within the top half of the pile depth and 
extended up to 12 pile diameters laterally in front and at the back of the pile (Parry 
and Sağlamer, 1977).  
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Figure 2.33 : Soil displacements for static loading of 17.76 N (Saglamer and Parry, 
1977) 
 
2.5.2  1g full scale loading test results  
According to a full scale lateral pile loading test carried out in the construction of a 
coastal structure near İstanbul, load-displacement curves are determined and shown 
in Figure 2.34. Tested pile is a steel circular pile, driven vertically to a sandy stratum 
and having a diameter of 1.27 and a length of 24m, loaded under 100 kN in Test 1 
and 150 kN lateral loads in Test 2 respectively.  
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Figure 2.34 : Lateral load-displacement curves of full scale lateral pile loading tests 
carried out in the construction of a coastal structure near İstanbul (2007) 
2.5.3 Model centrifuge test results  
Lateral load test results of vertical piles carried out by Brant and Ling (2006) at the 
centrifuge facility of University of Columbia is provided here. According to these 
tests load-displacement curves are shown in Figure 2.35 below. Model vertical steel 
piles having a diameter of 1.27 cm and a length of 26cm are located in relatively fine 
sand and static load is applied. 40g centrifuge acceleration is applied during tests. 
 
Figure 2.35 : Lateral load-displacement curves from model centrifuge tests (Brant 
and Ling, 2006) 
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2.6 Numerical Modelling Methods  
Numerical modelling analyses are carried out in order to understand the geotechnical 
behaviour around single battered pile or group piles under lateral loads. It is also 
used to compare the results of available laboratory tests and numerical models 
obtained using different programs. There are two main approaches for computer 
based numerical modelling of the laterally loaded piles: subgrade-reaction analysis 
and elastic analysis. Subgrade-reaction analysis ignores the continuous nature of the 
soil medium and assumes that pile reaction at a point is simply related to the 
deflection at that point whereas in elastic analysis, soil is assumed as an ideal elastic 
continuum (Poulos and Davis, 1980). Soil spring idealisation, elastic continuum 
model methods, Plaxis, API and DNV modelling methods which were used for the 
prediction of the load-displacement curves are explained in the following sections.  
2.6.1 Soil spring idealisation  
Soil spring idealisation assumes that the pile is a beam supported by discrete springs 
representing reaction of the surrounding soil (Tomlinson, 2001). In subgrade-reaction 
analysis, reaction which relates to deflection at a point along the pile is based on 
these springs proposed by Winkler soil model and the beam element is expressed by 
a differential equation. In this model, spring reactions are only horizontal and 
transfer of shear forces through the soil is not modelled (Tomlinson, 2001). Simple 
pile-soil equation was stated in finite difference form by Reese and Matlock (1956 
and 1960). Common finite difference representation of the model is as shown in 
equation 2.12 (Tomlinson, 2001). 
)(4
4
xqdx
ydEI =        (2.12) 
    where; 
EI : flexural stiffness of pile 
x : distance along pile 
y : lateral displacement of pile at x 
q(x) : unit lateral soil force at x  
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Non-linear behaviour of springs can be modelled in computer programs as well as 
linear springs. Based on this method, many equations were derived in order to 
calculate moment, deflection, rotation and shear along the pile by Vesic (1961), 
Broms (1964) and Madhav(1971) and many other researchers. Figure 2.36 shows the 
arrangement of the pile and soil model, and assumed p-y curve. 
 
Figure 2.36 : Non-linear behaviour of the soil response to lateral load 
2.6.2 Elastic continuum model  
In this method, soil is considered as an elastic continuum and relevant equations are 
expressed in forms of matrices. Poulos considered pile as an infinitely thin strip 
having width and flexural stiffness equal to those of the prototype pile (Tomlinson, 
2001). In his research, he carried out analysis on floating and socket piles, and 
expressed the results as dimensionless factors calculated from Equation 2.13. KR is 
given in forms of tables and charts by Poulos (Tomlinson, 2001).   
4LE
IEK
s
PP
R =       (2.13) 
where; 
EpIp : Flexural stiffness of the pile 
Es   : Young’s modulus of the soil 
L    : Embedded length of the pile 
p (lateral soil resistance) 
y (lateral  deflection)
Spring
Load 
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Alternatively another approach was adopted by Randolph (1981) involving finite 
element method and he produced curves relating to lateral displacement, lateral force 
and moment loadings (Tomlinson, 2001). 
2.6.3 Finite element method (plaxis – plaxis 3d foundation)  
Plaxis is a finite element software for analysing geotechnical behaviour of soil rocks, 
developed at the Delft University of Technology in 1974. Six-nodded triangular 
elements were used in elastic-plastic strain model in order to analyse the deformation 
of sand. After further studies, 15-noded element and solution of axissymmetric 
problems enforced Plaxis to be a powerful finite element code. Plaxis operates in 2d 
(2 dimensional) whereas, battered piles in pile groups require 3d (3 dimensional) 
model in order to simulate the tripod in soil. 2d analysis are expected to provide a 
general information about geotechnical behaviour of the tripod in sand. Recently 
released Plaxis 3D Foundation program is able to simulate 3D models. Soil volume 
in this program is modelled by means of 15-node wedge elements. Piles of the tripod 
are modelled as three single piles rigidly embedded to a pile cap modelled as a floor 
element.  
2.6.4 API (1993) and DNV (2004)  
Finite difference method has widely been used for the solution of fourth order pile-
soil differential equation. In order to predict p-y curves, Reese developed a finite 
difference method code in 1997 called COM622. Later, COM624 and based on 
COM624, LPILE developed by Reese (1985). LPILE provided a good performance 
when computed results and field tests results are compared for sand (Ismael 1991; 
Mokwa and Duncan, 2003; Rollins et al., 2005). In order to compute the effects of 
grouped single piles, GROUP was also developed by Reese. Recently a 3D version 
of GROUP was released which is able to model the group behaviour of battered 
piles.   
LPILE uses elastic-plastic soil model, where in general soil spring constant is 
calculated from; 
K = E h Efact       (2.14) 
where; 
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E    :Young’s modulus of the soil 
h  : distance between the midpoint of the elements immediately above 
and below the node under consideration 
Efact : reduction factor generally between 0.6 and 1.0 (from Broms 
(1972) and Poulos (1971)) 
 
Figure 2.37 : p-y curves used in API and DNV methods 
 
P-Y curves for sand are calculated by method developed by Reese et al. (1974). 
According to the method, ultimate resistance of sand varies from a value determined 
by equation (2.6.4.2.) at shallow depths to a value determined by equation (2.6.4.3) 
at deeper depths (ALP, 2001). 
For shallow depths; 
⎥⎦
⎤⎢⎣
⎡ −−++−+−= DKKXD
XK
AP avu )tansin'(tantan)tantan()'tan(
tan
cos)'tan(
sin'tan
' 0
0 αβφβαβφβ
β
αφβ
βφσ  
(2.6.4.2) 
For deeper conditions; 
[ ]βφσβσ 408 tan'tan')1(tan' vvau KKADP +−≥=    (2.6.4.3) 
where; 
Pu : ultimate resistance per unit length 
A : Emprical adjustment factor for static and cyclic behaviours (Reese et al., 1974) 
σv : effective vertical overburden pressure 
K=initial stiffness
1
Calculated 
limiting 
passive force 
P 
(Load) 
Y  (Lateral displacement)
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X : depth below soil surface 
K0 : coefficient of earth pressure at rest 
φ : internal friction angle 
β : 45°+φ/2 
α : φ/2 
D : pile diameter 
Ka : Rankine active earth pressure coefficient 
 
LPILE and GROUP programs use a four segmented p-y curve which represents the 
non-linear lateral soil resistance behaviour of sandy soils as shown in Figure 2.38. 
 
Figure 2.38 : P-Y curves in four segments 
In LPILE, pile is modelled as a series of elastic beam elements. Pile stiffness matrix 
is derived by conventional methods from slope deflection equations (ALP, 1991). 
For a single beam element of length L, and flexural rigidity of EI between two nodes, 
moment and forces at these nodes can be stated as functions of deflections and 
rotation (ALP, 1991). For nodes A and B, these relations can be expressed as 
follows; 
P 
y
Non-linear lateral soil resistance-deflection (P-Y) 
relation for sand is represented by a four-segment curve.  
(Pile diameter is very effective in this curve) 
 
Lateral soil resistance 
Lateral deflection 
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Where; 
P = force at the node in consideration 
M = moment at the node in consideration 
δ = deflection at the node in consideration 
θ = rotation at the node in consideration 
 
LPILE V3 and GROUP V4 were released by Ensoft Inc. in 2000. GROUP V4 works 
in a similar manner, but effects of overlapping stress zones and pile head conditions 
are included in the analysis additionally to the solver of LPILE in GROUP. 
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3.  ANALYSIS OF LATERAL LOADING ON TRIPOD FOUNDATIONS 
Geotechnical behaviour of the tripod foundations were investigated by using the data 
available from previously done laboratory tests and numerical modelling by using 
Plaxis, Plaxis 3D Foundation, LPILE, Group v4 and Group v7 software. In the 
following sections, laboratory tests and numerical modelling of the problem will be 
explained.  
3.1 Laboratory Tests 
Set of small scale static and cyclic loading tests were carried out on model tripod 
piles with different pile angles varying from 0 to 15 degrees in University of 
Newcastle (Ozsu and Rouainia, 2005). Influence of loading direction was observed 
by changing the loading direction. The aim of these experiments was to clarify the 
improvement gained by changing tripod pile angles and loading position in order to 
increase lateral stability. Also validation of numerical modelling methods were done 
by using these test results.  
3.1.1 Materials and instruments  
Tests were carried out in a 1m by 1m by 1m steel tank filled with dense and dry sand 
with an internal friction angle φ of 35° and a dry unit density,  γdry of 16.4 kN/m3. 
Soil sample had maximum dry density of 17.1 kN/m3  and minimum of 14.4 kN/m3, 
and the relative density was 71.7%. Soil was classified as poorly graded sand with a 
uniformity coefficient of 1.45 and a coefficient of gradation of 0.92.  
Four types of 450mm aluminium tripod piles were used; each consisted of 0, 5, 10 
and 15 degree, 3 raked piles respectively. 50 mm pile head was used to fix raked 
piles above sand surface level in order to avoid any possible displacement caused by 
loading and vibration. The outer diameter of each pile was D=12.4mm and the wall 
thickness of the pile was t=1.7mm. Tripod pile dimensions are shown in Figure 3.1. 
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The loading and measuring system was devised at the University of Newcastle upon 
Tyne and consisted of three main units. Static loading device, motor and gearbox 
unit, rate of which was controlled electronically to provide loading at a constant 
desired speed, and a data transmitter device to read loading and displacement 
continuously from pile to the desktop computer as shown in Figure 3.2. 
 
Figure 3.1 : Dimensions of model tripod piles used and their angles after raking  
 
Figure 3.2 : Schematic diagram of static loading device and measuring transducer 
(Peng, 2004) 
3.1.2 Procedure 
Test chamber shown in Figure 3.2 was filled with sand to a depth of 450mm and 
surface was levelled manually. Pile was installed into the chamber by fixing it to a 
holder beam to make sure there was no movement due to possible forces acting 
1m
400mm 
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during the placement of sand. Pile length under the final sand surface was arranged 
to be 400 mm. Sand was filled into the chamber by levelling the surface without 
applying vertical load in gravity direction. After filling sand to 950mm depth and 
levelling the final surface, pile holder was gently removed making sure that no load 
was applied to the pile cap. Measuring units were supported by a timber frame 
located on the walls of the chamber. Load cell was placed on a steel holder between 
two wires to transfer load from motor to the pile cap with no disturbance to the pile. 
The LVDT transducer for horizontal displacement was placed just 1 mm above the 
sand surface and aligned to the same direction of tensile loading. The LVDT 
transducer for vertical displacement was fixed to the timber frame to measure the 
displacement of the pile at the centre of the pile cap. In order to record and monitor 
the data from the equipments, a Pico data logger system was used. A time interval of 
0.1 seconds was used for these tests to log the data. 
For cyclic loading tests, over 10000 cycles were applied to model the environment 
conditions more realistically and for a typical offshore structure during 10 years of 
service life to be safe. This assumption is based on numbers of cycles of loads 
developed during a hurricane (Bea et. al., 1999) and the principle of extreme value 
analysis (Holmes, 2001). Cyclic loading frequency of 0.7 Hz was chosen and 25 N 
load was applied to the pile in one direction.  
Counter for number of cycles was adjusted to zero after calibrating the transducer 
equipments. Cyclic loading test was prepared and ready to start at the desired speed, 
and desktop computer was ready to collect and record data coming from transducers 
and load cell as can be seen in Figure 3.3. 
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Figure 3.3 : Schematic view of  device for lateral cyclic loading (Peng, 2003) 
For static loading tests, 1mm/min rate was used and test was ended when the 19 mm 
deflection at the pile was exceeded (Peng, 2003).    
3.1.3 Test results 
Results of static and cyclic loading tests on model tripods and single piles are 
processed and presented by means of curves in this section. 
3.1.3.1 Lateral load against lateral displacement results 
According to static loading tests, lateral load against displacement curves are 
presented in Figures 3.4, 3.5 and 3.6. 0, 10 and 15 degree tripods are loaded in 
Direction 1 and load – displacement curves are shown in Figure 3.4. It is observed 
that, lateral resistance of tripod pile group increases with increasing tripod angle. 0° 
and 15° tripods are loaded in both directions, additionally 5° and 10° tripods are 
loaded in Direction 1 as seen in Figure 3.5. It is observed that a vertical degree tripod 
loaded laterally in Direction 1 is more resistant than the same tripod loaded in 
Direction 2. Similarly, 15° tripod under loading in Direction 1 is more resistant to the 
same tripod loaded in Direction 2, as seen in Figure 3.5.    
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Figure 3.4 : Test results of static lateral loading tests on tripod piles in one direction 
(Ozsu, Rouainia and Peng, 2005) 
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Figure 3.5 : Test results of static lateral loading tests on tripod piles in two directions 
(Ozsu, Rouainia and Peng, 2005) 
0° tripods are loaded in both two directions to reveal the effect of loading direction as 
seen in Figure 3.6. It is observed that, vertical tripods are more resistant to lateral 
loading when loaded in Direction 1, compared to loading in Direction 2. When 
lateral load values corresponding to a constant displacement value of 17mm are 
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compared, load value in Direction 1 is approximately 4% higher than load value 
measured when loading is in Direction 2. 
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Figure 3.6 : Results of static lateral loading tests on vertical tripod piles in two 
loading directions (Ozsu, Rouainia and Peng, 2005) 
 
3.1.3.2 Single and group piles lateral load against lateral displacement curves 
For a better understanding of group behaviour in tripod piles, tests were carried out 
on a vertical single pile and a vertical tripod as seen in Figure 3.7. It is observed that 
as would be expected tripod foundations carry more lateral load than a single pile. 
However, total resistance of the three piles in a tripod is less than thrice the 
resistance of a single pile. This is due to the group effects of closely placed piles.  
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Static loading tests on vertical tripod and single pile
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Figure 3.7 : Results of static lateral loading tests on single and tripod piles (Ozsu, 
Rouainia and Peng, 2005) 
 
3.1.3.3 Tripod pile group efficiency diagram 
Group effects and influence of loading directions for a vertical tripod foundation are 
shown in Figure 3.8. Group efficiency is calculated as the load ratio of a pile in 
tripod pile group to a single pile. As seen in Figure 3.8, loading direction effects the 
group efficiencies by 10%. Group efficiency of 0° tripod loaded in Direction 1 is 
more than the same tripod loaded in Direction 2. 
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Figure 3.8 : Effect of loading direction on group efficiency (Ozsu and Rouainia, 2005) 
 
3.1.3.4 Displacement against loading cycle diagrams 
According to cyclic loading tests, displacement against loading cycle curves are 
shown in Figures 3.9, 3.10, 3.11. As seen in the figures, tripods with higher batter 
angles results in less displacement when compared to tripods with lower batter 
angles. As seen in Figure 3.9 after 10000 cycles, the lateral displacement observed in 
a vertical tripod was 10 mm and a tripod with 15° batter angle was only 7mm. There 
was a 40 % reduction in lateral displacements with the increase in the batter angle. 
When the effect of loading direction is compared, 15° tripods under cyclic loading in 
Direction 1 deflected 40 % less then tripods loaded in Direction 2 as seen in Figure 
3.10.    
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Figure 3.9 : Results of cyclic lateral loading tests on 0 ,5 and 15 degree tripods in load 
direction 2  
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Figure 3.10 : Results of cyclic lateral loading tests on 15 degree tripods in two load 
directions  
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As seen in Figure 3.11, 0° and 10° tripods under loading in direction 1 result in less 
displacement when compared to tripods loaded in direction 2 by 40 %.  
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Figure 3.11 : Results of cyclic lateral loading tests on 0 and 10 degree tripod piles in two 
loading directions 
3.2 Numerical Modelling of the Problem 
In order to investigate the geotechnical behaviour of single and group, vertical and 
batter piles with positive and negative angles of 0°, 5°, 10° and 15°, PLAXIS, 
PLAXIS 3D FOUNDATION, LPILE, GROUP and GROUP 3D programs are used. 
Inputs entered to these programs and output results are provided in this section. 
3.2.1 Finite element modelling  
PLAXIS and PLAXIS 3D FOUNDATION programs are used in the finite element 
modelling of the tests conducted in the laboratory from the previous research by 
Ozsu and Rouainia (2005). 
3.2.1.1 PLAXIS  
Model geometry of the laterally loaded pile is generated, and the boundary 
conditions are determined and the mesh is generated by the tools in the program. 
Plaxis provides fully automatic generation of optimum mesh for the chosen analysis. 
15-node plain strain model was chosen, Mohr-Coulomb soil model was used, drained 
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conditions were set and for pile properties, elastic behaviour was set to the plates, 
then calculations were performed. 
3.2.1.1.1. Input parameters for PLAXIS  
Parameters used in Plaxis finite element analysis are presented in Table 3.1. 
Chamber Dimensions 1x1 (m2) 
Length 0.4m 
Moment of inertia (Ix) 838.5 E-12 (m4) 
E (Young's modulus-aluminium) 70 E+6 (kN/m2) 
Cross-sectional area (A) 57.1 E-6m2 
Axial stiffness (EA) 3997 (kN/m) 
Flexural rigidity (EI) 0.0587 (kNm2) 
Single pile 
Poisson ratio 0.3 
Length (horizontal) 101.5 (mm) 
Moment of inertia (Ix) 5.21 E-6 (m4) 
E (Young's modulus-steel) 200 E+6 (kN/m2) 
Cross-sectional area (A) 8.1 E-3 (m2) 
Axial stiffness (EA) 1.62 E+6 (kN/m) 
Flexural rigidity (EI) 1042 (kNm2) 
Group pile head 
Poisson ratio 0.3 
Type Dry Sand 
Soil stiffness modulus (Eref or K) 3500 (kN/m2) 
Soil depth 1m 
Soil weight 16.4 kN/m3) 
Cohesion 0 
Internal friction angle 35° 
Soil 
Dilatancy angle 0° 
Load Lateral load 25N to 1150N 
 
 
3.2.1.1.2. Results of PLAXIS analysis  
Results obtained from 2 dimensional finite element analysis are shown in Figures 
3.12, 3.13 and 3.14. Deformed mesh and lateral displacement of single batter piles 
are shown in these figures. Deformed mesh of single batter piles, having angle of 
+15°, +10°, +5° are shown in Figure 3.12, from left to right respectively. It is 
observed that, as the batter angle of single piles decreases from +15° to 0°, lateral 
Table 3.1: Input parameters for PLAXIS
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load carrying capacity increases.  Single vertical pile, having 0° batter angle is shown 
in Figure 3.12. Deformed mesh for a single batter piles having -5, -10 and -15 
degrees are shown in Figure 3.14 from left to right respectively. Similarly, it is 
observed that, as the batter angle of single piles decreases from 0° to -15°, lateral 
load carrying capacity increases. 
 
Figure 3.12 : Finite element deformed meshes for single batter piles +15, +10, +5 
degrees 
 
Figure 3.13 : Finite element deformed mesh for single vertical pile 
 
Figure 3.14 : Finite element meshes for single batter piles -5, -10, -15 degrees 
+ 15° + 10° + 5° 
0°(Vertical) 
-5° -10° -15° 
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As theoretically expected, ground movement occurred upwards at front side of the 
pile, whereas at the back of the pile movement was in the downwards direction, 
where additional space was generated due to movement of the soil. This behaviour is 
seen in the Figures 3.12, 3.13 and 3.14. 
According to analyses under constant 1 kN lateral loading on negative and positive 
angle single batter piles, displacement against pile angle diagram is plotted as seen in 
Figure 3.15. It is observed that, negative batter piles are more resistant to lateral 
loading when compared to vertical and positive batter piles.  
 
Figure 3.15 : Batter angle vs. displacement 
Load against displacement curves obtained from PLAXIS anaysis are given in Figure 
3.15. It is observed that tripods having angles of 5° and 15° are more resistant to 
lateral loading when compared to vertical tripod. 
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Figure 3.16 : Batter angle vs. displacement 
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3.2.1.2 PLAXIS 3D FOUNDATION 
PLAXIS 3D FOUNDATION program is used in the analysis of lateral loading of 
tripods as tripod piles with batter angles require 3 dimensional modelling for more 
realistic simulation of the problem. Parameters used and the results obtained are 
presented below. 
3.2.1.2.1. Input parameters for PLAXIS 3D FOUNDATION 
Parameters used in Plaxis 3d finite element analysis are presented in Table 3.2. 
Chamber Dimensions 100m x 100m x 100m (m3) 
Length 40m 
Moment of inertia (Ix) 0.011 (m4) 
E (Young's modulus-aluminium) 2 E+8 (kN/m2) 
Cross-sectional area (A) 0.063 m2 
Single pile 
Poisson ratio 0.3 
Type Dry Sand 
Soil stiffness modulus (Eref or K) 10000 (kN/m2) 
Soil depth 100m 
Soil unit weight 16.4 kN/m3 
Cohesion 0.001 kPa 
Internal friction angle 35° 
Soil 
Dilatancy angle 0° 
Load Lateral load 100kN to 1500kN 
 
3.2.1.2.2. Results of PLAXIS 3D FOUNDATION analysis  
3 dimensional finite element deformed mesh and lateral displacement pattern of soil 
around a vertical single pile are shown in Figures 3.17.  
Table 3.2: Input parameters for PLAXIS 3D FOUNDATION
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Figure 3.17 : Deformed mesh and displacement pattern around a laterally loaded single 
vertical pile (3D view, side view and plan view) 
 
  
Figure 3.18 : Deformed mesh of tripod subjected to lateral loading 
 
Deformed mesh of tripods having angle of 15° is shown in Figure 3.18. Load 
displacement curves of vertical and 15° tripod loaded in “Direction 1” and “Direction 
2” are shown in Figure 3.19. 
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Figure 3.19 : Load displacement curves of vertical and 15° tripod loaded in      
“Direction 1” and “Direction 2”  
 
3.2.2 Finite difference modelling  
LPILE v.3, GROUP v.4 and GROUP v.7 programs are used in the finite difference 
modelling of the problem modelled in the laboratory tests. LPILE v.3 and GROUP 
v.4 are capable of two dimensional finite element analysis, however GROUP v.7 is 
able to simulate the problem in 3 dimensional environment. Inputs and results 
obtained by using these programs are explained in the sections below in detail.  
For a better understanding of change in group efficiency, first single piles were 
analysed, then behaviour of piles in group were considered. GROUP v.4 calculates 
reduction coefficients for group effects of piles automatically. Reduction is applied 
to the load value of the p-y curves generated by the program and the value of the 
reduction factor changes with the direction of the load applied to the tripod.  
 
3.2.2.1 Input parameters for LPILE v.3 
Many parameters are similar for soil and section properties of the pile in LPILE and 
GROUP v.4. Input parameters are shown in Table 3.3. 
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Diameter 0.012 (m) 
Length 0.4 (m) 
Moment of inertia (Ix) (tubular) 838.5 E-12 (m4) 
Moment of inertia (Ix) (full section) 1.19 E-9 (m4) 
E (Young's modulus-aluminium) 70 E+6 (kN/m2) 
Cross-sectional area (A) 57.1 E-6 (m2) 
Cross-sectional area (A) (full section) 120.7 E-6 (m2) 
Single pile 
Batter angles (β) (-)15 to (+)15 degrees 
Pile head condition Fixed 
Batter angle (β) 0,027778 (radians) for 5 degrees Group piles 
Pile to pile distance (centres) 0.0462 (m) 
Type Dry Sand 
Soil modulus K (Reese et al,1974) 24430 (kPa/m) 
Soil depth 1m 
Soil weight 16.14 kN/m^3) 
Cohesion 0 
Soil 
Internal friction angle 35° 
Lateral load Highest possible by trial Load 
Loading direction  Set by the group geometry 
In addition to data provided in Table 3.3, LPILE requires some specific information 
different than GROUP program. In LPILE, boundary conditions are set to reach 
desired displacements varying from 2mm to 28mm. Loads at these points are back 
calculated by the program and values are entered to the charts. Single piles with 
batter angles of 0°, 5°, 10° and 15° (both positive and negative) were considered in 
the analysis. Additionally a vertical pile with a massive cross-section instead of 
tubular was analysed. 
3.2.2.1.1. LPILE v.3 analysis results 
Displacement boundary conditions were set from 2 mm to 28 mm in order to make 
sure the failure condition was reached. When the failure occurs, lateral load 
deflection curves become flatter at the top of the graph. Results of LPILE analysis 
are presented in Figure 3.20. As seen in Figure 3.20, lateral resistance of single piles 
increases from positive to negative batter angle gradually.   
Table 3.3: Input parameters for LPILE
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Figure 3.20 : Lateral Load – Deflection curves for pile groups at soil surface  
(LPILE v.3) 
3.2.2.2 Input parameters for GROUP v.4  
Additional parameters used in GROUP are centre-to-centre pile spacing and batter 
angles entered for each pile. In GROUP, angle values are entered in radians, rather 
than degrees. Because GROUP (v.4) is not capable of full three dimensional 
modelling of group piles, model geometry was slightly different than the 1/100 
scaled model used in laboratory tests. 
3.2.2.3 GROUP v.4 results 
Lateral load against displacement curves obtained from GROUP v.4 analysis are 
presented in this section. In Figures 3.21 and 3.22, load displacement curves for 0°, 
5°, 10° and 15° tripods loaded in Direction 1 and Direction 2 are shown respectively.  
As seen in Figures 3.21 and 3.22, according to the results from Group v.4 analysis, 
increase of tripod angles from 0° to 15° also increases the lateral load resistance of 
tripods regardless of the loading direction. However, lateral resistance of tripods 
loaded in Direction 1 are more resistant to lateral loading when compared to tripods 
of the same angles, loaded in Direction 2.  
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Figure 3.21 : Pile group analysis, Direction 1 (GROUP v.4) 
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Figure 3.22 : Pile group analysis, Direction 2 (GROUP v.4) 
3.2.2.3.1. GROUP v.7 results 
Lateral load against displacement curves obtained from three dimensional finite 
difference modelling analysis carried out by using GROUP v.7 are shown in Figure 
3.23. As seen in the Figure 3.23, increase of tripod angle provides higher lateral 
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resistance than a vertical tripod. Also, tripods are more resistant to lateral loading 
when loaded in Direction 1 than Direction 2.   
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Figure 3.23 : Lateral static loading analysis on tripods in three dimensional 
environment (GROUP v.7) 
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4.  DISCUSSION 
Discussions about numerical analysis and experiments of static and cyclic loading on 
tripods are presented in this section.  
4.1 Static Loading 
Generally, results of laboratory tests and computer modelling applications showed 
similar behaviour on lateral load and displacement curves for static loading on both 
single and group piles.  
4.1.1 Pile batter angles and loading direction 
According to both laboratory test results and computer models, single batter piles 
with negative angle of -15° (β=-15°) have a higher ultimate lateral resistance than 
other single batter piles with -10°, -5°, 0°, 5°, 10°, 15° degrees. Negative batter 
single piles have higher lateral resistance than positive batter and vertical single 
piles.   
4.1.1.1 PLAXIS 2D modelling 
Results of static loading on batter single piles in Plaxis under 1kN/m loading showed 
that negative batter (β=-15°) pile encountered lowest deflection when compared with 
the other batter angles under consideration. As seen in Figure 4.2, behaviour on the 
left side of the group is almost linear, which is in good agreement with the curve 
provided in Figure 4.1, proposed by Meyerhof and Ranjan (1972). When the 
relationship between the ultimate lateral load and lateral deflection is considered, 
both diagrams in Figures 4.1 and 4.2 present similar results.  
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Figure 4.1 : Pile batter angle against resultant failure load for free standing piles in 
compact sand  (Meyerhof and Ranjan, 1972) 
 
Figure 4.2 : Pile batter angle against resultant failure load for free standing piles in 
compact sand 
It is observed that, when the pile batter angle increases, failure load of the pile 
decreases. Reduction of the ultimate failure load is more noticeable especially after 
10° and 15° which is a similar behaviour with the results of Meyerhof and Ranjan 
(1970), as seen in Figure 4.1. 
Amount of lateral loads applied to achieve the same displacement in Plaxis is higher 
than expected values, due to two dimensional nature of the program. As seen in 
Figure 4.3, PLAXIS accepts inputs in unit metre in z coordinates. Although EI and 
EA values are specific to the shape of the section, program recognises piles as plates, 
shown in Figure 4.3. This assumption makes outputs of the program more 
complicated, as behaviour of raking group piles is already complex (Ozsu and 
Rouainia, 2005). Program outputs still give a general idea about the influence of 
batter angles and loading direction. 
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Figure 4.3 : Schematic isometric views of tripod in PLAXIS model and in laboratory 
tests (Ozsu and Rouainia, 2005) 
4.1.1.2 LPILE 2D modelling 
Single piles with various batter angles were analysed using LPILE. According to the 
results of the program, single pile with negative batter angle has higher ultimate 
lateral resistance than vertical and positive batter piles. As seen in Figure 4.4, it is 
explored that lateral resistance of a -15° single batter pile is almost 100 % more than 
a +15° single batter pile.   
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Figure 4.4 : Results of lateral static loading on single batter piles in LPILE 
Increase of ultimate lateral capacity is almost linear, from +15° to vertical and 
vertical to -15° according to the LPILE results as seen in  Figure 4.5. In addition, 
when failure condition of 2mm displacement is considered, -15° batter single pile has 
47% more lateral resistance than a vertical single pile. 
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Lateral load - Deflection Curves
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Figure 4.5 : Comparison of positive and negative batter angles 
Benefit of using negative batter piles in a pile group should be assessed by 
considering the loading direction and overlapping stress zones in the soil (Ozsu and 
Rouainia, 2005). When loading “Direction 2” is considered, two batter piles will 
provide the highest possible lateral load capacity of the group, however a reduction 
of capacity will occur due to overlapping stress zones of two batter piles with the one 
front pile as illustrated in Figure 4.6. When loading is in “Direction 1”, overlapping 
of reactant stress zones around the piles will be minimum because only one pile will 
cause additional stress on the soil reaction zones of the other two as illustrated in 
Figure 4.6. 
 
Figure 4.6 : Top view of tripod pile group with conceptual overlapped lateral stress 
zones under lateral load in Direction 1 and Direction 2 
Behaviour of the predicted soil resistance of vertical single piles depending on the 
cross-section of the pile is also examined. According to the LPILE analysis, tubular 
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sections and massive full sections have different results. For the same deflection limit 
of 2 mm, pile with full section has 17% more resistance to lateral loading than a 
tubular section as seen in Figure 4.7. However, it should be considered that using 
tubular cross-section instead of massive cross section causes more consumption of 
building materials and therefore economical loss. 
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Figure 4.7 : Comparison of the behaviour of full section and tubular section 
4.1.1.3 GROUP 2D modelling 
According to GROUP v.4 analysis on tripods, it is explored that 15° tripod loaded in 
“Direction 1” has the highest lateral resistance when compared to other tripods 
considered in this research.  
GROUP v.4 calculates and applies load reduction factors in the calculations 
automatically. Purpose of this reduction is to simulate the unequal load sharing of 
piles in the pile group. For tripods, there is a tendency of higher load sharing in the 
front piles in pile groups. So GROUP program reduces load at p-y curve, in order to 
take this unequal load sharing into account (Ozsu and Rouainia, 2005). 
Although general shape of load-displacement curves and amount of failure loads are 
found as expected depending on the literature review, amount of displacements 
obtained from the output of GROUP analysis are not as low as expected (Ozsu and 
Rouainia, 2005).  
4.1.1.4 GROUP 3D modelling 
According to GROUP v.7 analysis on tripods, it is explored that 15° tripod loaded in 
“Direction 1” has the highest lateral resistance when compared to other tripods 
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considered in this research. Illustration of 15° tripod under lateral loading in 
“Direction 1” is shown in Figure 4.8.    
 
Figure 4.8 : Illustration of 15° tripod under lateral loading in “Direction 1” modelled 
by using GROUP v.7 (deflection units in m) 
4.1.1.5 Laboratory tests 
According to laboratory tests on vertical tripod pile group and vertical single pile, 
change of group efficiencies depending on the loading directions are examined as 
seen in Figure 4.9. Change of group efficiency with the loading direction is due to 
the overlapping of reactant stress zones of soil around piles, as previously discussed 
in Section 4.1.1.2 LPILE 2D Modelling.  
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Figure 4.9 : Group efficiencies of vertical tripods (Ozsu and Rouainia, 2005) 
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For tripods having pile angles more than 0°, overlapping of load reaction zones in the 
surrounding soil at each pile reduces gradually when going along the pile axis to the 
bottom tip of the pile due to angle. As a result, pile-to-pile distance increases with the 
increasing depth of the pile in a direct relation with the tripod angle. This is the main 
reason for relatively higher lateral load resistance of angled tripods when compared 
to vertical tripod. 
4.1.1.6 Comparison 
Comparisons of results obtained from the numerical analysis, laboratory tests and 
literature review provided similar findings on the behaviour of single and tripod piles 
in general. Lateral load against displacement curves obtained from laboratory tests 
and Group 3D calculations of vertical tripod are shown in Figure 4.10.  
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Figure 4.10 : Comparison of Load against Displacement curves obtained from laboratory 
tests and Group 3D (Ozsu and Rouainia, 2005) 
GROUP 2D overestimated deflections when compared to actual laboratory test 
results. Reason for this may be analysing tripods in small scale (1/100) rather than 
full (1:1) scale. Limitations of the input menus of the program may be another 
reason. 
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Figure 4.11 : Pile group analysis, Direction 1 (GROUP 2D) 
GROUP V4 is not capable of setting a batter angle in a second coordinate plane than 
x and y.  As a result of this, program analysis a different geometry than the actual 
geometry used in laboratory tests as seen in Figure 4.12. 
 
Figure 4.12 : GROUP 2D assumptions 
Actual geometry of tripod Assumed geometry by GROUP 2D 
Plan View Plan View 
Side View Side View 
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4.2 Cyclic Loading 
Lateral cyclic loading test results provided similar information to the static loading 
tests for tripods. As seen in Figure 4.13, 15° tripod has a lower displacement than 0° 
and 5° tripods almost at every corresponding number of cycles when considered 
under the same loading direction. This behaviour is similar with the static loading 
analysis obtained from GROUP and laboratory tests as seen in Figures 4.14 and 4.15. 
Lateral load carrying capacity reduces dramatically under cyclic loading when 
compared to static loading of the same tripod. 
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Figure 4.13 : Comparison of cyclic loading- tripod angle  
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Figure 4.14 : Comparison of cyclic loading- loading direction  
Furthermore, cyclic loading tests showed that loading direction is more effective than 
change of tripod angle from 0° to 10° on the lateral resistance of tripods as seen in 
Figure 4.15. 
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Figure 4.15 : Comparison of cyclic loading- loading direction with angle  
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4.3 Influence of Loading Direction 
From the results of laboratory tests and numerical modelling, tripods are more 
resistant to cyclic and static lateral loading when loading is in Direction 1 as seen in 
Figure 4.16. However, overall lateral resistance does not only depend on the loading 
direction, but the group effects and benefits of negative batter piles are also needed to 
be considered for an optimised design of the tripod foundation. 
 
Figure 4.16 : Top view of tripod pile group under lateral load in Direction 1 and 
Direction 2 
4.4 Influence of Pile Batter Angles 
Results of laboratory tests and numerical analysis showed that lateral resistance 
under cyclic and static loading increases with the tripod degrees varying from 0° to 
15°. Increase of lateral resistance of tripods is due to the higher lateral resistance of 
batter piles in the group. Influence of tripod angle for cyclic loading is found as a less 
effective parameter than loading direction and group effects. 
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5.  CONCLUSION  
Foundation design of offshore wind energy conversion system requires optimisation 
and reduction of the overall foundation cost. Tripod foundations are capable of 
offering more efficient usage of building materials and possibility of producing 
energy from the wind blowing over the sea surface. In order to optimise the design of 
tripods, key design features such as pile angles and loading direction are investigated 
in this thesis. Load-displacement relationships were analysed by three dimensional 
numerical modelling methods and results of 1/100 scale 1g laboratory tests on model 
tripods are investigated to understand the geotechnical behaviour. 
Influence of changing the tripod angles from 0° (vertical) to 5°, 10°, and 15° were 
investigated. 15° tripods have higher ultimate lateral resistance when compared to 
other tripods having angle of 0°, 5° and 10°. Increase of the pile angle increases in 
the distance of pile-to-pile axis spacing towards the tip of the pile. This geometrical 
condition causes reduction of overlapping of reaction zones in the surrounding soil 
around each pile. This is the main reason for relatively higher lateral load resistance 
of angled tripods when compared to vertical tripods. 3D numerical modelling takes 
this kind of geometrical conditions into account. 
Influence of the loading direction or arrangement of piles in the group is also 
investigated. In “Direction 1”, two piles are at front and one pile is at the back of the 
applied load. “Direction 2” is the opposite of the pile arrangement of “Direction 1”. 
It is observed that when loading is in “Direction 1” lateral resistance of tripods are 
higher than other direction for the same angle tripods. This behaviour results from 
the higher load sharing of front piles than the pile at the back, causing overlapping of 
stress zones only by one pile, instead of two. In “Direction 1”, two piles are at front 
row and they share higher load than average of total group load per pile because of 
being at front and having larger soil reaction area which is not stressed by the other 
pile. 
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When tripods are subjected to cyclic loading, their resistance to lateral loads 
significantly reduces. Influence of changing the tripod angle for the improvement of 
lateral capacity for cyclic loading is found less effective than changing the loading 
direction. 
For a better prediction of tripod behaviour, recently released version of GROUP v.7 
and Plaxis 3D Foundation were used which allow fully 3D geometry analysis. More 
emphasis should be placed into centrifuge modelling of this problem as to be able to 
realistically model the problem and compare the results of 3D analysis in future. 
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